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 The discovery of a surface/interfacial quasi 2-dimensional electron gas (q2DEG) 
in SrTiO3 [1, 2, 3] boosted expectations for novel oxide electronics due the intriguing 
and rich physics uncovered, including multiband and possibly unconventional 
superconductivity [4, 5, 6], large Rashba-like spin-orbit coupling [7] and large spin 
to charge conversion efficiency [8]. While magnetic effects have been reported [9, 
10], several studies attributed them to weak-(para)magnetism induced by extrinsic 
defects, such as oxygen vacancies [11]. Here, by using in-situ high-resolution angle 
resolved photoemission we demonstrate that EuTiO3, the magnetic counterpart of 
SrTiO3, hosts a q2DEG at its (001) surface characterized by distinctive features 
reproduced by ab-initio calculations. In particular, we find that the exchange 
coupling between localized and delocalized Ti 3d electrons and magnetic Eu 4f 
states favors a robust ferromagnetic ground state. The results establish EuTiO3 as a 
new material platform for spin-polarized oxide q2DEGs. 
EuTiO3 (ETO) is an antiferromagnetic (AF) insulator isostructural to STO. Like STO, it 
is characterized by empty Ti 3d bands (Ti is in the 4+ oxidation state). In contrast to STO, 
Eu2+ magnetic moments order anti-ferromagnetically below 5.5 K and form a spin-
polarized band 2 eV below the Fermi level with 4f orbital character. The bulk AF order 
reverts into a ferromagnetic one (ferromagnetic TC=6-8 K) by doping or lattice strain [12, 
13]. The electronic structure of doped-ETO is very rich as a consequence of the combined 
effects of spin-orbit interaction and spontaneous Zeeman field, which can generate a bulk 
band structure with Weyl nodes [14] and topological Hall effect [15]. These exotic bulk 
properties are expected to induce intriguing physical phenomena in confined q2DEGs at 
the ETO surfaces/interfaces. But while STO-based q2DEGs have been extensively 
studied, there is no report of a q2DEG at the ETO surface. 
Here, by combining synchrotron radiation angular resolved photoemission 
spectroscopy (ARPES) on in-situ grown ETO thin films and density functional theory (DFT) 
calculations, we show that the ETO (001) surface hosts a q2DEG, which is spin-polarized 
by the exchange coupling between Ti 3d and ferromagnetically ordered Eu 4f states. 
ETO films were grown by Pulsed Laser Deposition (PLD) on TiO2-terminated (001) 
STO single crystals, and then in-situ studied using the PLD/ARPES facility available at the 
Surface/Interface Spectroscopy (SIS, X09LA) beamline of the Swiss Light Source (SLS), 
Paul Scherrer Institute [16, 17, 18]. The electronic properties of the unreconstructed 1x1 
(001) ETO surfaces (supplementary Figure S1) were compared to those of the (001) STO, 
hosting q2DEGs with a controlled 2D carrier density. The ARPES experiments were 
performed at a temperature of 18 K (thus above the bulk FM Tc of ETO) (see Methods).  
 
 
 
Figure 1: Comparison between valence band (VB) and Fermi surfaces (FS) of ETO and STO 
q2DEGs. (a)Angle integrated VB spectra on STO and ETO based q2DEG. Features A and B indicate 
the O-2p band. A gradual inversion between the intensities of the A and B peaks going from STO to 
ETO films signals the differences in the Sr-O2p and Eu-O-2p hybridization in the two materials. (b)-(e) 
FS in the second Brillouin zone measured with an incoming photon energy of 85 eV and C+ 
polarization: (b) 2uc ETO, (c) 5uc ETO, (d) 15uc ETO and (e) STO samples. f) kz -kx cut measured on 
the 15uc ETO showing the two-dimensional dispersing light 3dxy band and the more 3D-like heavy 3dyz 
band. 
First, we show in Fig. 1a the evolution of the angle-integrated valence band (VB) 
spectra from reference STO q2DEG to (001) ETO thin films of different thicknesses. The 
data show the emergence in ETO of a narrow band 1.95 eV below the Fermi level, which 
is related to the Eu2+ 4f7 states, as distinctive features among STO and ETO (001). 
In order to assess the nature of the (001) ETO surface state, in Figs. 1b-1d we report 
in-plane momentum (kx-ky) Fermi surface (FS) cuts of the ETO films with different 
thicknesses and of an STO single crystal (Fig. 1e) acquired with incoming photon energy 
h= 85 eV and right-handed circular (C+) polarization and an out-of-plane kz momentum 
close to the reciprocal lattice point of the equivalent bulk periodicity [16, 17, 18]. The 
FS cuts show that the ETO films are characterized by features qualitatively similar to those 
observed on STO: a circular ring centered on and two ellipsoids elongated in kx and ky 
directions. Both structures are assigned to electronic bands originating from Ti 3d-t2g 
states, the ring-shaped one corresponding to light effective mass electrons having 3dxy 
orbital character, and the ellipsoidal ones related to heavy effective mass electrons with 
3dxz-3dyz characters. 
In Fig. 1f we show a kx-kz plane cut at ky = 0 measured on the 15uc ETO film by 
changing the incoming photon energy. The dispersion along kz (perpendicular to the 
surface) shows that the Fermi sheets, corresponding to the light band, have a nearly 
cylindrical shape and being kz-independent have a 2D-character typical of a q2DEG, while 
the heavy bands show a kz dispersion related to a more three dimensional-like character. 
These findings, similar to those observed on the (001) STO surface state [17], indicate that 
ETO(001) hosts a q2DEG at its surface. 
To evaluate in detail the properties of the ETO q2DEG, in Fig. 2 we compare high 
statistics band dispersion, kx-cuts through  point, acquired with different linear 
polarizations on a 15uc (001) ETO film (Figs. 2a-2b) and on two (001) STO single crystals 
(Figs. 2c-2d STO-A, Figs. 2e-2f STO-B). The reference STO q2DEGs are characterized by 
2D carrier densities of 1.1±0.1x1014 cm-2 (STO-A) and 1.4±0.1x1014 cm-2 (STO-B), slightly 
below and above that one of the ETO film (n2D =1.3±0.1 1014cm-2). 
 
 
Figure 2: High resolution dispersion maps on STO and ETO (001) surfaces: Second Brillouin 
zone kx dispersion maps measured on 15uc ETO (a-b), STO-A (c-d) and STO-B q2DEGs (e-f). 
Measurements with incoming photon energy of 85 eV. Left panels LH (p-pol) polarization; right panels 
LV (s-pol) polarization. The corresponding momentum dispersion curves (MDC) at the Fermi level, 
integrated over an energy window of 10 meV around the Fermi level, are shown as traces (circles) on 
the top of each panel. 
 
The dipole selection rules allow us to identify the bands in the p-pol maps of Fig. 2 (left 
panels) as the 3dxz band observed along the “narrow" k-diameter” of the ellipse, while the 
bands observed in the s-pol maps (right panels) are light 3dxy bands and heavy 3dyz bands 
along the "wider" k-diameter of the ellipse. Additional features in the Fermi level 
momentum dispersion curves (MDC) suggests the presence of at least one additional light 
band located above the lowest 3dxy band in both ETO and STO-B samples (see suppl. 
materials Fig. S2). The data show that the band bottom of the 3dxz and 3dyz heavy bands 
in the ETO q2DEG is substantially lower than the one measured in the two STO q2DEGs, 
independently from their carrier densities. On the other hand, the band bottom of the 3dxy-
derived light band in ETO is lower than the one of the STO-A q2DEG (Fig. 2d), while it is 
substantially higher with respect to the STO-B sample (Fig.2d), where it reaches values of 
the order of -200meV. As a consequence, the splitting at the-point between the low lying 
heavy and light bands in ETO, of the order of 50 meV, is smaller than the one typically 
measured on the STO q2DEGs and in other titanates like CaTiO3 [19].  
 
 
Table 1: Effective masses (in units of electron mass) of the ETO and STO q2DEGs obtained from 
tight-binding analysis of the band dispersions and comparison with ab-initio calculations. 
  Experimental from tight binding fit ab-initio calculation 
  mxy(KF) 
[± 0.05] 
mxy(0) 
[± 0.05] 
mxz(KF) 
[± 0.05] 
myz(KF) 
  [± 1] 
mxy(0) mxz(KF) myz(KF) 
ETO  0.50 0.40 0.40 19 0.5 - 17.1 
STO-A 0.60 0.50 0.50 23 
STO 
STO-B 0.70 0.70 0.50 28 
0.6 - 22.2 
 
A simple tight binding interpolation of the band features, assuming three independent 
3dxy, 3dxz and 3dyz bands, furnishes the effective masses along kx in the different samples 
(see suppl. materials Fig. S3). As shown in Table 1, it turns out that the ETO q2DEG is 
characterized by lower effective masses, compared to the STO surface state characterized 
by similar carrier density. Moreover, the bands dispersions substantially deviate from the 
simple non-interacting tight-binding scenario for both 2DEGs at the anti-crossing point and 
near the Fermi level and the deviation is more pronounced for the ETO q2DEG. (see also 
Supplementary 2D-curvature maps Fig. S4). 
 
 
Figure 3: Structural model of TiO2-terminated ETO(001) and STO(001)surfaces, and layer and 
element-resolved density of states from the DFT+U calculations: side views of the relaxed (a) 
STO(001) and (c) ETO(001) surfaces with an oxygen di-vacancy in the topmost TiO2 layer and a 
second one in the subsurface SrO/EuO layers of the STO(001) and ETO(001), respectively. Panels (b) 
and (d) show also the spatial distribution of the 2DEGs for both compounds. (e) and (f): Layer- and 
element-resolved density of states together with orbital-resolved Ti 3d occupation (electrons per site) 
showing the spatial distribution and orbital polarization of the q2DEG in STO (001) and ETO(001), 
respectively. 
Since the ETO and STO conduction bands are both formed by Ti 3d states, one may 
wonder why the two q2DEGs show these differences. To gain insight in this, we performed 
DFT+U calculations on STO and ETO (001) model surfaces (see theoretical Methods). 
Since the ideal surface is insulating, we considered models for TiO2 terminated (001) ETO 
and STO containing oxygen vacancies. As shown in refs. [20], the charge from single 
oxygen vacancy tends to localize. Thus, we adopted a di-vacancy configuration, which 
instead induces the formation of a q2DEG at the STO(001) surface [20, 21]. We 
considered various kind of di-vacancy configurations, and in particular an out of plane 
divacancy configuration (see Suppl. S5), and an in plane oxygen vacancy configurations.  
In agreement with previous studies on STO (001) [20], we find that  a di-vacancy in a 
2x3x4a supercell, with one missing oxygen in the topmost TiO2 layer and a second in the 
subsurface SrO/EuO layer at a distance of 6.2 Å (Fig 3a and 3b)  is energetically  favored 
both at the STO(001) and ETO(001) surface. Moreover, it gives also the best agreement 
between the ETO ARPES band dispersion data and ab-initio calculations (See Suppl. Fig. 
S6). The spatial distribution of the 2DEG for both STO and ETO(001) is shown in Fig. 3a 
and 3b, respectively. Due to the reduced coordination of both surface and subsurface Ti 
sites, the sequence of orbitals is altered from the ideal octahedral configuration with a 
preference for occupation of dxz, dyz orbitals. Calculations on different magnetic 
configurations indicate that the ferromagnetic solution is the most stable in both STO(001) 
and ETO(001), and gives rise to a localized Ti magnetic moment at the surface of about 
0.12 B/Ti. However, the magnetic Eu 4f7 states strongly affect the spin-configuration of 
neighboring localized and delocalized titanium 3d states by exchange coupling through the 
O 2p orbitals. As Eu2+ is present in the whole crystal this ensures a long range spin-
polarization of the Ti 3d electrons, in agreement with experimental and theoretical studies 
on ETO [14, 15, 22] and LAO/ETO/STO(001) heterostructures [23].  
In Fig. 3c we show the layer- and element-resolved density of states (DOS) of (001) 
STO (top) and ETO (bottom). The O-2p valence band extends from ~-8 to -2.5 eV in both 
systems, whereas a major difference between STO and ETO(001) is the presence in the 
latter of the spin polarized Eu 4f7 orbitals, which appear as a narrow (0.7 eV wide) band 
around -2 eV, in excellent agreement with the experimental results. It is worth noting that 
the Eu 4f band overlap with localized O2p and Ti3d contribution to the DOS. Above -1.5 
eV the DOS contains contribution with predominant Ti 3d character and comprise the 
coexistence of localized (in-gap) states at -0.8 eV, in STO(001) surface only, as well as 
delocalized states with t2g character in both ETO(001) and STO(001) surfaces,  leading to 
a finite occupation contributing to the q2DEG. 
 
 
Figure 4: Calculated band dispersions: a)-f) calculated band dispersions around the -point 
along -X in ETO(001) (upper panels) and STO(001) (bottom panels). (a) and (d) show the results 
without spin-orbit coupling (SOC) (red/blue correspond to majority/minority bands), b) and e) show 
calculations including SOC with magnetization direction along [001], while c) and f) show calculations 
including SOC with magnetization direction along [100]. 
 
To better understand the nature of the bands contributing to the q2DEG and for direct 
comparison to the ARPES data, we show in Fig. 4 the band structure of ETO(001) (top 
panels, a-c) and STO(001) (bottom panels, d-f). Panels a) and d) correspond to DFT+U 
calculations without including the atomic spin-orbit coupling (SOC), while panels b), e) and 
c), f) are DFT+U calculations including SOC for magnetization direction along the [001] 
and [100] crystallographic axes, respectively. In both cases several bands cross EF, the 
lowest lying is a dispersive parabolic band of dxy band character which switches along X 
direction into a much flatter band indicating an avoided crossing with a dxz, dyz band. The 
higher lying bands around  are a combination of flatter ones and dispersive bands, the 
latter indicating replicas from different layers due to the confinement of the q2DEG. 
Overall, the bands in ETO(001) reach deeper below EF (0.18eV) compared to STO(001) 
(0.14eV) and show a stronger spin splitting between majority (red) and minority bands 
(blue) of ~0.1 eV, whereas in STO(001) the spin splitting is 0.05 eV. It is worth noting that 
other divacancies configurations, like the vertical divacancy configuration (see suppl. Fig. 
S5), give larger spin-splitting (up to 0.2 eV) in ETO(001) and almost spin-degenerate 
bands in the STO (001) case (see suppl. Fig. S5). The main effect of SOC is to alter the 
splitting of the higher lying bands depending on magnetization direction, while the lowest 
one seems less affected. The strong change in dispersion for the lowest lying band is 
reflected in the effective masses around 0.6 me and 0.5 me for STO(001) and 
ETO(001), respectively, vs. 22.2 me and 17.1 me for the flat part along X. These values 
are in a reasonable agreement with the one extracted from the ARPES data (see Table I) 
and in particular confirm the experimental evidence of lower effective masses for the 
q2DEG formed at the (001) ETO surface. Moreover, ab-initio calculations correctly 
reproduce quantitatively the overall downward shift of the heavy bands in the ETO(001) 
q2DEG compared to the STO(001) case and agreement between the ab-initio calculation 
and the ARPES data is fairly good in the ETO(001) and STO-A sample. However, the 
model is unable to quantitatively reproduce the STO heavy to light bands splitting at the -
point and the 3dxy lowest light band in the case of the highly doped STO-B q2DEG. It is 
worth noting that a full quantitative agreement between STO-ARPES data and ab-initio 
calculations on single terminated (almost ideal) SrTiO3 surfaces was not reported so-far, 
although previous studies reproduced the order of magnitude of the spin splitting reported 
in literature [21, 24]. 
In conclusion, we demonstrated the formation of a q2DEG at the (001) ETO surface 
and compared the electronic band structure to that one of the STO q2DEGs characterized 
by a similar carrier density. Ab-initio calculations show that the q2DEG is formed at the 
STO and ETO (001) TiO2-terminated surface when oxygen di-vacancies are introduced in 
the model. The band structure correctly reproduces the main experimental results in 
particular for the ETO (001) surface and shows that in ETO the exchange coupling 
between Ti 3d and Eu 4f7 ions, mediated by the oxygen ions, favors a long-range 
ferromagnetic order and induces a spin polarization of the q2DEG. The collected results 
show that ETO emerges as a new material system for the realization of an intrinsically 
spin-polarized q2DEGs, and that heterostructures based on it can provide a novel platform 
for the study of novel quantum phenomena in low dimensional oxides. 
 
Methods 
ETO films were grown in-situ by Pulsed Laser Deposition (PLD) on 5x10x0.5 mm3 
TiO2-terminated (001) STO single crystals, using the facility available at the 
Surface/Interface Spectroscopy (SIS, X09LA) beamline of the Swiss Light Source (SLS) - 
Paul Scherrer Institute. The number of unit cells (uc) (from 2 to 15 uc) and the structural 
quality of the films was monitored during the growth by in-situ reflection high-energy 
electron diffraction (RHEED). To ensure a good metallic contact and to prevent surface 
charging problems during ARPES measurements, some samples were deposited either on 
a metallic Nb-doped STO (1% atomic Nb doping) or on a buffer 15 uc SrRuO3 film. After 
the deposition, the samples were annealed in ultra-high-vacuum (UHV) at 600 °C for one 
hour and then in-situ transferred into the SIS ARPES end-station and cooled down to base 
temperature (15 K). The UHV annealing does not perturb the 1x1 surface structure, as 
confirmed by LEED and surface morphology measurements (supplementary Figure S1). 
Following the methods used in refs. [17,18],  (001) STO q2DEGs, with a controlled 2D 
carrier density n2D, were realized either by a combination of mild Ar+ sputtering (600 eV, 
2A, 5 minutes) and low pressure oxygen annealing (210-6 mbar, 30 minutes, 700 °C)  
(STO-A) or just UHV annealing (10-9 mbar, 15 hours, 700°C) (STO-B) of nominally TiO2 
terminated Nb-doped (0.5%) STO single crystals. 
 Angle resolved photoemission spectroscopy (ARPES) measurements were performed 
at 15 K, and a vacuum pressure lower than 5 × 10−11 mbar. The data presented in the 
manuscript have been acquired in the second Brillouin zone. The bands dispersive profiles 
were determined by taking the intensity maxima in several MDCs at EF.  Finally the 2D 
carrier density were estimated from the Luttinger volume of the low lying light 3dxy and 
heavy 3dxz,yz bands. 
The q2DEG at the ETO(001) and STO(001) surfaces were modeled using DFT 
calculations by creating oxygen di-vacancies in TiO2 and EuO (SrO) terminated (001) 
surfaces. We have considered 2ax3ax4a, where a=3.905 Å is the lattice constant of STO) 
and a vacuum of 20 Å. The calculations were performed with the Vienna ab initio 
simulation package (VASP) [25, 26] with the projector augmented wave (PAW) basis [27, 
28]. The generalized gradient approximation was used for the exchange correlation in the 
implementation of Perdew, Burke and Ernzerhof [29] and an on-site effective Hubbard 
parameter [30] U = 2 eV and 7.5 eV was applied on the Ti 3d and Eu 4f states, 
respectively. The ionic positions were fully relaxed until the forces were less than 0.001 
eV/Å. DFT+U calculations of several different distributions of oxygen vacancies indicate 
that the model considered here has the lowest energy, in accordance with previous 
studies for the SrTiO3(001) surface [20]. 
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S1 - Deposition and structural characterization of EuTiO3 (ETO) films 
 
EuTiO3 films were in-situ grown by Pulsed Laser Deposition (PLD) in 10-6 mbar molecular oxygen 
partial pressure (base pressure 1x10-9 mbar) at 720°C on 5x10x0.5 mm3 TiO2-terminated (001) STO 
single crystals using the facility available at the Surface/Interface Spectroscopy (SIS, X09LA) 
beamline of the Swiss Light Source (SLS) - Paul Scherrer Institute. The number of unit cells (uc) 
(from 2 to 15 uc) and the structural quality of the films was monitored during the growth by in-situ 
reflection high-energy electron diffraction (RHEED) and after deposition using LEED (Low Energy 
Electron Diffraction). In Figs. S1a we report the intensity vs. time of the specular and first order 
diffraction spots during the growth of a for a 15uc EuTiO3 (ETO) film, and in Fig. S1b the final 
RHEED pattern. Regular oscillations are visible during the growth of the ETO film, while the final 
RHEED pattern show the high structural quality of the surface. 
As grown samples are insulating, and cannot be measured by ARPES unless after an unusual 
(compared to SrTiO3 (STO)) long exposition to the intense synchrotron radiation beam (up to 24 h). 
In order to get a conducting surface, each sample were annealed in Ultra High Vacuum at 600 °C 
for one hour. This results in a metallic surface state, which was studied by ARPES. The annealing 
process does not affect the 1x1 surface structure, as demonstrated by the combination of RHEED 
and LEED measurement shown in Fig. S1b and Fig S1c respectively.       
 
 
 
Fig. S1: a) Real-time intensity oscillation of the specular (blue) and first order (1 0) and (-1 0)  
(orange and red curves) diffraction spots in the RHEED pattern during the growth of a 15uc ETO 
films. b) Corresponding RHEED pattern at the end of the deposition. The ellipses represent the 
regions used to integrate the intensity shown in a) with their corresponding color code. c) LEED 
pattern, on the same film, after the post-annealing process.  
 
 
 
S2 - MDC analysis.  
 
The Momentum Dispersion Curves (MDCs) allow to localize maxima of ARPES signal in the E-kx 
dispersion maps, for the identification and the attribution of the recorded band features. In Fig. S2, 
we show in particular the fitting of the MDCs at the Fermi level for a 15 uc ETO film and for the 
STO-B crystal, together with the corresponding dispersion maps, measured with s- polarization. We 
used multiple Gaussians to fit the data. Besides the principal light (3dxy) and heavy (3dyz) band 
features, from the fitting the presence of at the least an additional light band located above the 
lowest 3dxy band emerges (an “inner” and “outer” band). Furthermore, an additional Gaussian has to 
be used in order to reproduce the intensity around  in both cases. A similar fitting can be obtained 
using Lorentzian peak functions instead of Gaussians.  
 
Fig. S2: High statistics band dispersion kx-cuts (acquired around the  point in the second 
Brillouin zone, s-polarization, cfr. main text) on the surfaces of a) a 15 uc ETO film and b) the 
STO-B crystal. The reported MDCs at the Fermi level, together with corresponding peak 
deconvolutions, show the presence of an “inner” 3dxy band (dxy-i in the figures), located above the 
lowest, more evident, 3dxy (“outer”, dxy-o in the figures) band. 
 
 
 
S3 - Tight binding band fitting 
 
In Fig. S3, we show the high statistics band dispersion kx-cuts (around the  point in the Second 
Brillouin zone, cfr Fig. 2 main text) on 15uc ETO film, STO-A and STO-B samples. Here we show 
p-, s-, and C+-polarization maps, in false color scale, and the tight binding fit for the band 
identification (cf. section “Methods” in the main text for the description of the adopted procedure). 
The performed tight binding fits were then used to estimate the Fermi momentum and the effective 
masses of electrons in each band of the three samples. (collected in Table 1 in the main text) 
 
 
 
 
Fig. S3: High statistics band dispersion kx-cuts (acquired around the  point in the second 
Brillouin zone,), together with the corresponding tight binding fits, for: a) a 15 uc ETO film with 
p-polarization, b) s-polarization, c) C+-polarization; d) STO-A with p-polarization, e) s-
polarization, f) C+-polarization; g) STO-B with p-polarization, b) s-polarization, c) C+-
polarization. 
 
 
 
S4- Curvature maps 
 
We applied the method described in ref. [S 1 ] to extract 2D-curvature maps of the ARPES 
dispersions shown in Fig. 2 of the main text and in Fig. S3 to highlight the differences between 
ETO and STO electronic structure.  
The curvature maps in Fig. S4 reveal that for both STO and ETO surface states the dispersion maps 
substantially deviate from independent bands modeled within a tight-binding scenario near the anti-
crossing point and near the Fermi level, as confirmed by theoretical ab-initio calculations. In the 
ETO case, the deviation seems more pronounced compared to the STO cases.  
 
Fig. S4: High statistics 2D-curvature band dispersion maps for: a)-c) a 15 uc ETO film and d)-f) 
STO-A q2DEG. Panels a) and d) are for LH (p-pol) polarization, b)-e) for LV (s-pol polarization) 
and c) and f) for C+ polarization. 
 
 
 
 
 
 
S5- Vertical di-vacancy configuration 
 
Among the different structural configurations, alternative to the one reported in the main text, on 
which we performed DFT+U calculation, we report here (Fig. S5) the results obtained considering a 
vertical di-vacancy in a 2x2x7a supercell, with missing oxygens in the first and second subsurface 
SrO/EuO layers of the STO(001) and ETO(001) surfaces, respectively. Spin density integrated 
between -0.15 eV and the Fermi level, and layer- and element-resolved density of states, are also 
shown for both compounds. The calculated band dispersions (see comments in the main text) 
around the -point along -X and -M directions are reported in the lower panels (Figs. S5g-l). 
  
Fig. S5: side views of the relaxed (a) STO(001) and (b) ETO(001) surfaces with oxygen di-
vacancy in the first and second subsurface SrO/EuO layers. The panels show also the spin density 
with isovalues of 0.04 and 0.06 Bohr3/e for the two systems, respectively. Red/blue corresponds 
to majority/minority spin density. (c)-(d) Spin density, integrated between -0.15 eV and the Fermi 
level of STO(001) (c) and ETO(001) (d). (e) and (f) Layer- and element-resolved density of states 
showing the spatial distribution and orbital polarization of the q2DEG in STO (001) and 
ETO(001), respectively. Calculated band dispersions around the -point along -X and -M 
directions in ETO(001) (panels g,h,i) and STO(001) (panels j,k,l). (g) and (j) show the results 
without spin-orbit coupling (SOC) (red/blue correspond to majority/minority bands), h) and k) 
show calculations including SOC with magnetization direction along [001], while i) and l) show 
calculations including SOC with magnetization direction along [100]. 
S6- Comparison between the DFT-U model di-vacancy configuration and experimental data 
 
In Fig. S6 we show a comparison between the ETO and STO (sample: STO-A) ARPES band 
dispersion data and ab-initio calculations obtained considering configuration with a di-vacancy in a 
2x3x4a supercell, considered in the main text, with one missing oxygen in the topmost TiO2 layer 
and a second one in the subsurface SrO/EuO layer at a distance of 6.2 Å of the STO(001) and 
ETO(001) surfaces, respectively (see Fig. 3a and 3b in the main text). 
 
 
 
 
Fig. S6: Comparison between C+ ARPES data acquired at h=85eV and DFT+U calculations 
with the model described in the main text, around -point along -X direction, for (a) ETO(001) 
and (b) STO(001) (sample STO-A). 
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